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The Z —y 77 and Z —y gg decays are studied in the context of the renormalizable 
version of the Standard Model Extension. The CPT—odd bilinear interaction, 

which involves the constant background field ba and which has been a subject of interest 
in literature, is considered. It is shown that the Z 77 and Z ^ gg decays, which are 
strictly zero in the standard model, can be generated radiatively at the one-loop level. 
It is found that these decays are gauge invariant and free of ultraviolet divergences, 
and that the corresponding decay widths only depend on the spatial component of the 
background field b. 

Keywords: Lorentz violation; rare decays of the Z boson 
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1 . Introduction 

The trilinear VVV {V = 7 , Z) and quartic VVVV neutral couplings are quite sup¬ 
pressed, as they first arise at the one-loop leve0 in the Standard Model (SM) and 
in most of its renormalizable extensions. Since new physics effects could be more 
apparent in those processes which are quite suppressed or forbidden in the SM, 
these couplings constitute a good mechanism for investigating possible signals of 
physics beyond the Fermi scale. The charged counterparts WWV and WWW, of 
these neutral couplings, arise at the tree level and are related by gauge invariance 
in the sense that they are simultaneously induced by S't7z,(2) x 17v(l)-invariant 
operators.®!^ However, this type of gauge connection does not exist between the 
VVV and VVVV couplings.^® While the VVVV couplings receive one-loop con¬ 
tributions from both fermionic and bosonic particle^, the VVV ones are exclusively 
generated by fermionic triangles.^^^®^ Intimately related with the absence of a gauge 
link between the VVV and VVVV couplings is the fact that none of the VVV ver¬ 
tices reflects the non-Abelian nature of the electroweak group, as the Yang-Mills 
sector neither induces these couplings at the tree-level nor contribute to them at 
the one-loop order. This is in contrast with the quartic VVVV couplings, which are 
generated by the Yang-Mills sector at the one-loop leveL^^lf^ The trilinear VVV 
couplings are indeed severely restricted by the Bose and Lorentz symmetries. It 
turns out that if both Bose symmetry and Lorentz invariance are simultaneously 
respected, the VVV coupling vanishes when the three bosons are real, though they 
can exist when at least one of the particles is off-shell.^^lHini As a consequence, the 
Z —77 decay is forbidden. This result is known as the Landau-Yang’s theorem,Eill^ 
which establishes that a vector particle cannot decay into two massless vector parti¬ 
cles. This means that the Z decay into two gluons is also forbidder0. This theorem 
invokes Bose symmetry and rotational invariance arguments. Nevertheless, as soon 
as this requirement is relaxed, the VVV vertex with the three bosons on-shell can 
exist. In particular, the rare decays of the Z gauge boson Z —>■ 77 and Z ^ gg are 
allowed. 

In this paper, we are interested in studying the decays Z —> 77 and Z ^ gg in the 
context of the minimal Lorentz- and CPT-violating Standard Model ExtensioiP^EH 
(SME), which is a renormalizable extension of the SM that incorporates Lorentz 
violation and CPT nonconservation in a model independent fashion through the 
effective Lagrangian technique. While motivated by specific scenarios in the context 
of string theory,S3Sll general relativity with spontaneous symmetry breaking 


^The exception is the ZZZZ vertex, which can be induced at the tree level via the interchange of 
a neutral Higgs boson. 

^Light by light scattering has been explored in diverse contexts in Refs.,works about the Z 777 
vertex can be found in Refs.the ZZ 77 vertex is studied in Refs.,and quartic neutral 
couplings among Z gauge bosons, photons, and gluons have been investigated in Refs.I^^H^ 

^It is im portant t o stress that the Landau-Yang’s theorem is actually only applicable to on-shell 
particlesl ^^»‘^^ l ^^ l For instance, a virtual Z gauge boson can contribute to the gg ^ Z ^ 77 
reaction.l^ 
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space-time-varying coupling constants,^ nontrivial topology of space, ^ or field the¬ 
ories formulated in a noncommutative space-time,IS^lt^the SME is beyond these spe¬ 
cific ideas due to its generality, which is the main advantage of effective field theories. 
Thus the SME provides us with a powerful tool for investigating CPT nonconserva¬ 
tion and Lorentz violation in a mo del-independent manner. Although these effective 
theories introduce constant background fields that carry Lorentz indices, they are 
not Lorentz invariant under general Lorentz transformations, but only under ob¬ 
server Lorentz transformations.^ In general, the SME is made of pieces of the form 
T'^i’ ...^„(a:), where the Lorentz n-tensors depend on the SM 

fields and are invariant under the SM gauge group, whereas the constant 
quantities transform as Lorentz n-tensors under observer Lorentz transformations, 
but they do not under the so-called particle Lorentz transformations.^^ The SME 
action can contain some CPT-odd terms, which necessarily implies Lorentz vio¬ 
lation.!^ The SME constitutes a valuable framework for investigating CPT and 
Lorentz violation at the level of the SM. Investigations have been carried out in di¬ 
verse scenarios, as meson systemshydrogen and antihydrogen spectroscopy,!^ 
electromagnetic properties of the muort^!^ and the electron,!^!^ neutrino test,!^ 
electrodynamics,!^SHlI] the Yang-Mills theory,!^ baryogenesis,!^ study of generation 
of geometrical phases on the wave functions of confined electrons,!^ travelling soli- 
tons,!^ and radiative corrections .!^^!^ Though the minimal SME is constructed by 
adding to the SM Lagrangian new observer Lorentz invariant objects of the form 
described above, which are renormalizable in the Dyson’s sense, it can be enlarged 
to include nonrenormalizable interactions.!23tinil 

Within the SME, the Z —>■ 77 and Z ^ gg decays cannot be induced at the 
tree level, but they first emerge at the one-loop order. This is in contrast with the 
nonrenormalizable version of the SME or the noncommutative standard modej^,!^ 
which can generate these decays at the tree level through dimension-six gauge invari¬ 
ant operators.!^^ In this paper, we will focus on one of the two CPT-odd dimension- 
three operators that modify the fermionic propagators,!^!^^!^^ namely with 

/ standing for a charged lepton or a quark, and b a constant four-vector with units 
of mass. The exact fermionic propagator that results from the introduction of this 
anomalous term has been already calculated and used in radiative corrections .!^^^^ 
In this paper we will follow an alternative approach by treating this CPT-odd effect 
as a perturbation,!^ for this class of new physics is expected to be minuscule. The 
purpose of this work is twofold, as, for one side, we will estimate the size of these 
couplings, whereas, on the other side, we will take advantage of this problem to 
illustrate how to carry out radiative corrections in the context of the SME, which, 
unlike conventional renormalizable theories, becomes a formidable task. 

The rest of the paper has been organized as follows. In Sec. [21 a comprehensive 
description of the calculations involved in the one-loop Z —>■ 77 and Z ^ gg 

‘^The differences between the nonrenormalizable versio n of t he Standard Model Extension and the 
Noncommutative Standard Model has been discussed in,!I®l being the latter a subset of the former. 
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decays is presented. Sec. [3] is devoted to discuss our results. Finally, in Sec. SI the 
conclusions are presented. 

2. The Z —)■ 77 and Z ^ gg decays 

As commented in the introduction, the Z —>■ 77 and Z ^ gg decays cannot be 
induced by the SME at the tree level, but they can be generated at the one-loop 
level via the CPT-odd coupling with / a charged lepton or quark and 6 “ 

a background field. The part of the SME which will be needed to calculate these 
decays is given by the following Lagrangian: 

r = f {Up+ h 5 -rrif) f , (1) 

where Ip = 7 ^D^, with 

Df, = d^- ieQfA^ - (^g(r - 5 ^ 75 ) - * 5 *. ( 2 ) 

In this expression, A^, and G® are the electromagnetic field, the Z gauge boson, 
and the gluons, respectively. In addition, Qf is the electric charge of the / fermion 
in units of e and 

gf, = Ti - 2Qf si, , (3) 

9{=Ti, (4) 

f 1 f 1 

where T 3 = — ^ for charged leptons and quarks of type down, whereas that = 2 
for quarks of type up. We will use the short-hand notation Sw{cw) to denote the 
sin 0vv(cos 0vv) of the weak angle. In addition, gg is the strong constant coupling 
and with A“ the Gell-man matrices, are the generators of the SUc{S) group 
given in its fundamental representation. 

In the SME, the presence of constant background fields introduces nontrivial 
modifications on propagators and free-field solutions arising from the quadratic La¬ 
grangian. As it is discussed in Ref. these modifications lead to nontrivial changes 
in the Lehmann-Symanzik-Zimmermann (LSZ) reduction formalism. In this sce¬ 
nario, dispersion relations can be altered significantly by allowing the occurrence 
of some processes forbidden in the standard theory.l^Sfil In the case at hand, the 
complete propagator of the fermion / that results from the incorporation of the 
anomalous GPT-odd bilinear term has already been calculated and used in radia¬ 
tive corrections The use of this exact propagator may induce the decay of the 
Z boson into a pair of top quarks, which would show up through an imaginary con¬ 
tribution to the loop amplitudes characterizing the Z —>■ 77 and Z ^ gg transitions. 
Of course, a treatment of these decays using Lorentz asymmetric propagators would 
be interesting, but this lies outside our present scope. In this paper, we shall adopt 
a perturbative approach, which consist in assuming standard propagators and free- 
field solutions. The bilinear GPT-violating effect is treated by inserting the 
vertex in each fermionic lin^^ of triangle diagrams that contribute to the Z —>■ 77 
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and Z ^ gg decays, as it is shown in Fig. [T] Here, A is a real parameter that is intro¬ 
duced to our calculation for control purposes. We assume that the background field 
b is small, and we thus investigate its effects as a first order perturbation through 
the aforementioned insertions. 


2 . 1 . General structure of the .Z77 and Zgg couplings 

At one-loop, the structure of the Z77 and Zgg couplings would be dictated by 
Bose statistics, observer Lorentz invariance, and gauge invariance. At first order 
in b, these one-loop couplings must be determined by appropriate products of the 
covariant objets Za, and F^y = {l/ 2 )efj,y\pF^P, in the case of the Z77 
coupling, and G^y and G^y = {l/ 2 )ep,y\pG^P, with Gpy = T’^G’^^y, in the case 
of the Zgg vertex. The Lorentz structure of these couplings depends crucially on 
the vector, 7^, and axial-vector, 7,^75, couplings of the Z gauge boson to pairs of 
fermions. In the case of the vectorial contribution, we note that it is proportional to 
Dirac’s traces involving a 75, so this contribution must be proportional to the Levi- 
Civita tensor e^yXp. Consequently, the interactions characterizing this amplitude 
must involve the dual tensor Fpy or Gpy. It is not difficult to convince ourselves 
that, at the lowest dimension, there are only two independent operators satisfying 
all the above requirements. In the case of the ^77 coupling, we have 

= b^Z'^FxpF^P , ( 5 ) 

62 = b^ZPpxpF^- , ( 6 ) 


which are of dimension five (or six, if it is taken into account that b has di¬ 
mension one). As far as the Zgg vertex is concerned, it is characterized by op¬ 
erators identical to the ones given above, but with the following replacements: 
FxpF^P —>■ Tr[GApG'^'’], etc., where “Tr” denotes trace on the SUciS) group. From 
these interactions, one can derive the following gauge structures on the momentum 
space: 


P\ apLU — 3 ^atipyXp^1^2 ’ 


( 7 ) 


2 ocfiu 


{ph>^OL^Xp^\ ^2 ^2 ^ ’ ^^^OLptuX^l ^ ■ kl^otp.uX^2 ) 


which have been conveniently normalized using the mz mass. These Lorentz tensors 
are gauge structures in the sense that they satisfy the following Ward identities: 


kiPiap.o= 0 , ( 9 ) 

k^Piago = 0 , ( 10 ) 


for i = I, 2 . As far as the axial-vector contribution is concerned, the corresponding 
Z77 and Zgg amplitudes are induced by a Dirac’s trace which does not involve 
the 75 matrix, so that the tensors Fpy or Gpy cannot emerge. In this case, the 
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dimension-five operators that are analogous to those given in Eqs. (EH) are 

(11) 
( 12 ) 


= b^Z^FxpF^P, 
O2 = b^ZPFxpF^- , 


and similar expressions with Gp^ instead of Fpi, for the Zgg coupling. In this 
the corresponding gauge structures are given by 

Pi apu — {^2 p^l L' ‘ ^2 Qpy') j 


2 Oi^u 


(^1 ■ ^2 “ 1 “ ^1 “ 1 “ (^1 ‘ ^2 ^ 2 q ^ 2 / j .) 


b ■ (A)2 ^Qa.y H“ adfiy') b * /l2 (^1 yffafi ^2 ; 


case, 


( 13 ) 

( 14 ) 

( 15 ) 


which also satisfy Ward identities of the type given by Eqs. (igiTUl) . 

In brief, the Z —^ 77 and Z ^ gg decays must satisfy the following require¬ 
ments: 1) since only vertices of dimension less or equal than four are considered, 
amplitudes free of ultraviolet divergences are expected; 2) the amplitudes must be 
gauge invariant, that is, they must satisfy Ward identities of the type given by 
Eqs. (j 9 ll 0 p : 3 ) the amplitudes must satisfy Bose statistics, which means that the 
tensors characterizing the corresponding vertex functions must be symmetric under 
the interchange g ^ v and ki O k2. We display, in Table [U the transformation 
properties of these operators under the discrete operations C, P, T, CP and CPT. 
Each operator can be split into two parts: a term involving the time component bo 


Table 1. Transformation properties of the operators Oi, O 2 , Oi, and O 2 under 
the discrete operations of C, P, and T. 


Cl, C 2 

C 

P 

T 

CP 

CPT 

Cl, C 2 

C 

P 

T 

CP 

CPT 


+ 

+ 

+ 

+ 

-1- 

w 

+ 

- 

- 

- 

-1- 

b 

+ 

- 

- 

- 

-1- 

b 

+ 

+ 

+ 

+ 

-1- 


and a term that includes the vector components bj. In this table, the column O2 
includes the labels 5 ° and b, which represent each of these terms of the operators. 
The signs located to the right of the 6° and b labels indicate the transformation 
properties of its corresponding terms. The same explanation goes for the column 
Oi, 02. 

2 . 2 . Decay Z 77 

The .Z —> 77 decay occurs through the triangle diagrams shown in Fig. [TJ As it can 
be appreciated from this Figure, the term that introduces CPT violation has been 
incorporated via an insertion in each fermionic line,l^so the particles circulating in 
the loop can be described by propagators which emerge from adding to the standard 
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propagator the insertion of the anomalous vertex: 


+ ’rrif) 
— mj 




— mj 

that is, we describe the fermionic lines by effective propagators of the way 

»A(g) 

A2(g) ’ 


(16) 


(17) 


where 


A(g) = (^ + mf) {^-ruf-X^ 75 ) + mj) , (18) 

A(g) =q^ -rrij, (19) 


with q the momentum circulating in the loop. Notice that the standard propagator 
is recovered for A = 0. 

The invariant amplitude for the Z —>■ 77 decay can be written in the way 


M = 


2cw f , 
f=q,i 


Q)N, r„^,(fci,A:2) e“(p,A) e*^(fci,Ai) e*"(A:2,A2), (20) 


where e“(p, A), e*^(A:i,Ai), and e*''{k 2 ,X 2 ) are the polarization vectors of the Z 
gauge boson and of the pair of photons. In addition, Nc is the color index, which 
equals 3 for quarks and 1 for charged leptons. Also, we have included the factor 
— I associated with a loop of fermions. In the above expression, rQ,^i,(fci, ^ 2 ) is the 
tensorial amplitude of the process, which is given by 


Pa/iZ/ (^1 ; ^ 2 ) 


d^k (Ti),{kiM) Ti%{ki,k2)\ 
(2^)4 + A^AiAf^ ) 


( 21 ) 


where 


7 ^( 1 ) 

^ cupiz 

= Tr j 

[a 7a 

( 9 I - 9A 75 ) 

Ai2 7!^ Ai7^| 

rp(2) 

= Tr 

(a 7a 

(gt-9 ai(j 

1 Ai 2 7^A2 7,.| 


In addition. 


( 22 ) 

(23) 


A = {^ + mf) — nif — Xtj5) (^ + mf) , ( 24 ) 

Ai = (^ - Vi + mf) {1^- 1 ^ 1 - mf - Xf) 75) (^ - Vi + mf) , ( 25 ) 

A2 = (^ - V2 + rnif) {!/: - 1 ^ 2 - mf - Xf) 75) (^ - //2 + mf) , ( 26 ) 

Ai2 = (^ - Vi - V2 + mf) [$ - 1^1 - k/2 - mf - Xf) 75) (|^ - Vi - V2 + mf) ,( 27 ) 

A = — TOy , ( 28 ) 

Ai = (fc — fci)^ — m’^f , ( 29 ) 

A2 = (fc — ^2)^ — m'j , ( 30 ) 

Ai 2 = (fc — fci — ^2)^ — . ( 31 ) 
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In the above expressions, the superscripts (I) and (2) in traces stand for diagrams (1) 
and (2), respectively. Once performed some algebraic manipulations, the expressions 
in Eqs. (I24I25I26I27I) can be rewritten as 

A = [A - A (^ + m/) 75 ] (1^ + m/) , (32) 

Ai = [Ai - A (1^ - Vi + rtif) ^ 75 ] (1^ - Vi + ruf) , (33) 

A 2 = [A 2 - A (^ - V 2 + mf) $ 75 ] {$-1^2+ ruf) , (34) 

Ai 2 = [Ai 2 - a (I^ - Vi - V 2 + mf) ^ 75 ] (|^ - Vi - V 2 + w/) . (35) 

To simplify the analysis, we make the change of variable fc —>■ —k + ki+k 2 in the 
amplitude for the diagram (2). Under this transformation, A 2 —>■ Ai, A 12 —)> A, 
A -A A 12 , so we have a common denominator in the complete amplitude, which 
now takes the way 

= J 7 ^ A 2 ^Tl 2 ' (36) 


(27r)4 A^AfA? 


12 


where 


N. 


OCflU 


— + T^av (k ^ -k + ki+ k2) . 


(37) 


After calculating the Dirac’s traces appearing in this expression, using de FeynCalc 
computer program,llA3 this tensor can be organized in powers of A or, equivalently, 
in powers of the vector 6, as follows: 


iV„ 


= +Aiv(4) +A^A(^) 


(38) 


In this expression, Na/Io represents the SM part, which does not contribute to the 
process due to the Landau-Yang’s theorem. On the other hand, since the CPT- 
violating effects are expected to be minuscule, we will work exclusively with the 
linear contributions from the b field, which correspond to the first order in A, that 
is, we will ignore the contributions given by the terms and Na/Io- At this 

order, one has 


d'^k 




( 1 ) 


(39) 


p(i) =_ 

J (27r)4 A2A2A22 

In the Na/Io term the transversality conditions Pa = {ki + k 2 )a —t 0, —>■ 0, 

k 2 u —t 0, as well as the on-shell conditions kf = 0, /c| = 0, 2/ci • ^2 = m%, have 
been imposed. 

At first order in b, the amplitude can be divided into those parts coming from 
the vector and axial-vector couplings of the Z gauge boson to fermions, as follows 

I -pA 


r(i) = r'' 4- 

otfiiA ^ ^ 1 

where the vector and axial-vector parts are, respectively, given by 

d^k 


F^ = 

OL^y 


9 ^ 


cxfiy 


(2^)4 A^A^Af^ 


(40) 


(41) 
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=q{ [ __ (42) 

5a y (2^)4 A2 Af ^ ^ 

We turn now to solve the loop amplitudes given by Eas. (|41l42l) . The calculation 
of these amplitudes is certainly a challenging task, as they involve a huge amount of 
tensor integrals of diverse ranks. Therefore, the use of a computer code is mandatory. 
We have used the FeynCalciiSIl computer program in all stages of this calculation. 
However, since the Passarino-Veltaman covariant decomposition,^^ codified in this 
program, does not work in this case due to the presence of quadratic powers of prop¬ 
agators in the amplitudes, we have instead generated a code in the environment of 
this program to implement the Feynman parameters technique. We now proceed to 
outline the main steps of this calculation. To this end, it is convenient to organize 
the diverse type of integrals appearing in F^^^, and into four groups: 

Group I. These integrals are of the way 


r = 


d^k f O, 




ol 


(27r)4 I AAi A^Ai 


03 
^ cx.py 

AAf 


After using a convenient Feynman’s parametrization, one has 

k 




ctpiy 


(27r)4 [{k-h)^-Ri] 


3 > 


where 


(43) 


(44) 


Kf.. = ^ + (1 - a;) + X . (45) 

with Zi = (1 — x)ki and Mi = rnj. Notice that we have extended the measure of 
the momentum space integral to D dimensions because the integral has diver¬ 
gences. Of course, these divergences will be canceled by divergent terms appearing 
in other groups of integrals that will be listed below. 


Group II. In this group there appear integrals of the way 


otyv — 


a4 ^ / 04 05 06 \ 

Uj r\j I I ctpif I ^ <y.pu \ 

W A^ + A^ + AAf; ) ’ 


(46) 


which, after introducing a Feynman’s parametrization, takes the way 




F(3) / dx 


d^ k 

Uj n, 4 -' cx.py 

[(A:-Z2)2-R2]3 ’ 


(47) 


where 




{{k-hf 


R2]Oi^, + {l-x)Ol^,+xOl^,, 


(48) 
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In addition, r/ = 



^2 = (1 - x){ki + fe), 





Group III. The integrals of this classification have the form 


(49) 

(50) 


Jill ^ 
ocflu — 


d^k 


c>^ 

^ ocflu 


q 8 
^ ocfiiy 


q9 

^ OcflU 


(27r)‘^ \ AiAi2 A^Ai2 AiA^2 


which, after introducing a Feynman’s parametrization, takes the way 

k 


riii 


= r(3)^ dx J 


Ocfll' 


(27r)4 [(A: - ^3)2 - R3]3 ’ 


where 


= 

— 


_ r(2) 

r(3) 


[{k - hf - M 3 ] o' +{l-x) 0 « +xO\ 


OiflV ' 


with ^3 = /ci + (1 — x)k 2 and M 3 = m 


f 


(51) 


(52) 


(53) 


Group IV. This group has integrals that are expressed as 

f d^k ( 040 (Oil (012 (013 \ 

“ J (27r)4 1 ^AAiAi2 A2AiAi2 AA 2 A 12 AAiA22y ' ’ 

After performing a Feynman’s parametrization, one has 

where 

NZu = [ik - I? - R] + (1 - ai - y) Oil, + ^ + y , (56) 

with 


1 = {x + y)ki + yk 2 , 


*/ 


1 - y{^-x-y) 

V 


Adding together all the above types of integrals, one has 


= nk ( 4 - A- 

jA ' -^OCflU ' -^Q 


.)■ 


(57) 

(58) 


(59) 


The structure of the amplitude Fis identical to that of Fbut with the 
tensors instead of the Oi^, ones. Although it is not evident, there is no contribution 
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to the amplitude. To show this, we used the relations given in [Appendix A[ 

together with the Schouten’s identity, which is given by 


QoL^^guXp “t“ Qa.p^i>Xpj3 9oLh>^Xpf5p “t“ QoLp^^puX — 0 - 


(60) 


The fact that F= 0 means that the coupling of Z to fermions that is proportional 
to 7 ^ does not contribute to the Z —>■ 77 decay (and neither to the Z ^ gg decay). 
This in turn implies that the 7*77 coupling, with a virtual photon, is not induced 
at this level, which is in agrement with Furry’s theorem and previous results on 
one-loop renormalization of Lorentz-violating electrodynamics.li22l 

Returning to the amplitude, it is found that the and 7^^^, integrals 

are separately identical to zero. On the other hand, the integral lUf leads to a 
result which is free of divergences but not gauge invariant. It is given by 

( 61 ) 

where 


/(^/) 


arctan 

log 




Tf > 1 
Tf < 1 


(62) 


Note that the divergence induced by the term is exactly canceled by the sum 
of divergences generated by the and 0®^^ terms. As far as the integral is 
concerned, it leads to a result which is free of divergences but not gauge invariant. 
However, when this result is added to the one given by a gauge invariant result 
is obtained, which can be written as 


where 


32 i mz 
(47r)^ 




Ai = T^{r;[l-/(r;)]-l}, 
V - 1 

A 2 = 1 - fijf) . 


(63) 


(64) 


As expected, our result is free of ultraviolet divergences. The one-loop divergent 
structure of the SME has already been studied in its QED,li22l electroweak,lli2l and 
QC^tliU sectors. On the other hand, the presence of a mass independent term in the 
A 2 amplitude constitutes the well-known ABJ anomaly. In our case, the anomaly 
vanishes if the background field ba is assumed to be the same for each class of family 
(of leptons and quarks) since 

E 9aQ}Nc = 0, * = 1,2,3. (65) 

f—li ,Ui,di 

Otherwise, there must exist a correlation among the different 6 ’s of each type of 
family. 
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Then, the invariant amplitude for the Z —>■ 77 decay can be written as 


^ ^ (p, X)e>^*{h, {k,, X,), 

s2wV^ r~f ^ ' 

f=i,g 

( 66 ) 

where 


N=g{Q}N,A,, i = l,2. (67) 

f 

We have introduced the superscript / in the gauge structures to emphasize 

that, in general, there is a distinct four-vector 6^ for each fermionic flavor. 
Squaring the invariant amplitude yields 


1 




A=l/ \Ai = l 
16 


^a 2 —ly 


S2W 


2 3 2 
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Stt 


E E {-l[(P-H){P--H'’) 




f=i,q f'=kg 
bf . bf 


TOt 


1 r. 


P 


2 L 


(pC* + pi'*) + Pi (pC* - Pi'*)] 


bP V b-f •; 


f -rf r-f* -rf r-f* -rf tJ'A ( ■ ki bf ■ + bf ■ k 2 bf ■ k^ 

*/^ 2‘'2 *^ 2*^1 ‘^ 1‘'2 


ml 


ttJ 

-j 9 


(pf* - pf*) + pf’* [pf - Pi) 


-Pi Pi'* 


'bf -ki bf ■k2 + bf ■k2 bf -ki 


ml 


)y 


( 68 ) 


This result is valid in any inertial frame. It is interesting to discuss this result 
from the perspective of observer Lorentz transformations. Under this type of trans¬ 
formations, the constant background field bf transforms as four-vector, although 
under the particle Lorentz transformations the four components of bf, transform 
as scalars .1^1^ Since the SME is invariant under observer Lorentz transformations 
(observations in two inertial frames are connected through coordinate changes), it 
is possible to analyze the above squared amplitude in some particular reference 
frames. For instance, it is interesting to analyze this result from the perspective of 
time-like or space-like background b fields. The case of light-like background b fields 
is interesting and will be analyzed too. To carry out this analysis for the cases of 
time-like or space-time background fields, we need to assume the presence of an 
unique b. Then, assume that b is time-like, that is, 6^ > 0. In this case, we can pass 
to a new reference frame through a boost with vector parameter /3 = h/b^ in which 





















December 29, 2015 1:59 WSPC/INSTRUCTION FILE Zgg3 


Instructions for Typing Manuscripts (Paper’s Title) 13 

6'“ = (6', 0,0,0). Notice that in this scenario the little group of b is the rotations 
group SO{3). In this frame, the squared of the amplitude takes the way 



where p' is the spatial component of the momentum of the Z gauge boson in this 
reference frame. Of course, = 0 is an allowed value for the spatial momentum, so 
the amplitude vanishes only in this special case. On the other hand, in the case of a 
space-like background field, 6^ < 0, it always possible to perform a boost to a new 
reference frame in which b'°‘ = (0, b'). The boost parameter is given in this case by 
P = (6°/|b|)b, wit b the unit vector in the b direction. Note that, in this case, the 
little group of b is 5'0(1, 2). In this frame, the squared amplitude takes the way 



From this expression, it can be seen that there is no possible kinematical config¬ 
uration that, together with an appropriate b' orientation, leads to a zero result. 
Finally, if 6^ = 0, the general expression for the squared amplitude can be written 
as: 



where, as in the previous cases, we have assumed the existence of a sole background 
field b. It is easy to see that there is no kinematic scenario in which this expression 
to be zero. 

We now proceed to analyze our results in the Z rest frame. In this frame, the 
squared of the amplitude is greatly simplified. In particular, the result does not 
depend on the temporal part of the b^ four-vector. In fact, once implemented the 
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Fig. 1. Diagrams contributing to the Z 77 decay in the context of the SME. Dots denote 
insertions of the CPT-odd interaction. 


corresponding kinematics, one obtains 

f=i,q f'=i,q 


+2TiTi'* 


'hf-hf' 




Ny -ki y ■ ki 


)i 


(72) 


Further simplifications are obtained assuming that the vectors b-^ are mutually 
orthogonal, that is. 


hf .y = \hf\\yyf'. 


(73) 


If, in addition, we denote hy Of the angle between the vectors ki and b-^, the squared 
amplitude takes the way 




4 y y 


S2W 


Sir 

E 


E 


/ L 

/#/' \ j 

The corresponding branching ratio is given by 

,„3 

BR{Z —>■ 77 ) = 


\T( -Rf\^ + 2\Ti\^sy 0f 
sin 29 f 


7b/p 


V y 


(74) 




mz 




/ 


f -Fl\y2\Fysy 6f 

sin 29 f 


7/12 2 , 


+ E -^2-^^ 


f\Nl 

J V ml 


f\hf\\y 




(75) 


where F^ is the Z total width decay. 


2.3. The Z ^ gg decay 

The calculation of the Z ^ gg amplitude is entirely similar to the one given in 
the case of the Z —>■ 77 decay, with only some slight changes. The corresponding 
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branching ratio can be written as 
2aa'i {mz 


BR(Z gg) — 


0/1 


Tz 


+ ^[|F‘'-F||2 + 2|F||2sin2 0, 


|b^P 


+ E 

9 / 9 ' 




sin 26 „ 


rrin 


where tts = g^/^Tr, and 


F^=g\A,, i = l,2. 


(76) 

(77) 


3. Discussion 


We now proceed to discuss our results. Previously, we have shown that in the refer¬ 
ence frames determined by a time-like or space-like background field b the squared 
of the amplitude does not vanish, with the exception of the kinematic value p' = 0 
in the former case. Also it was shown that, in the Z rest frame, the Z —> 77 and 
Z ^ gg decays only depend on the spatial component of the four-vector 6 ^. This 
result is independent of the space-time nature of the the background field b. Techni¬ 
cally, the discussion can greatly be simplified if it is assumed that the two photons 
or two gluons are emitted along the b^ direction. In this case, the branching ratios 
given in previous section take a more simple way 

v3 


BR{Z —>■ 77 ) = 


BR{Z —>• gg) — 
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jn 

2a a? 


^2W 


mz 

iT 

mz 

iT 


/ 
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E k' - ^2 



(78) 

. / 


Ib^l 2 \ 
m| J ■ 

(79) 


In order to determine the relative importance of the contributions to these de¬ 
cays, arising from each type of fermion, let us analyze the behavior of the corre¬ 
sponding loop functions. In the heavy mass limit, one obtains 

r/ T-r 


lim 

T—^OO 




whereas, in the light mass limit, one has 

- T, 


lim 

r->0 


1 = 0 , 

(80) 

= CX) . 

(81) 


These results show that the decays Z —>■ 77 and Z ^ gg are more sensitive to 
lighter fermions. Specifically, \Tl — = 24 and \Fl — = 38 x 10“^ for the 

electron and the top quark, respectively. Using the data reported by the Particle 
Data Group,IS^ we can write 


BR{Z 77 ) = 6.7 X 10"® 

BR{Z gg) = 3.6 x 


f 

Eki ‘'-^2 


g 



(82) 

(83) 
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The background field 6 ^ has been bounded for the case of lighter charged leptons by 
different means, which include Hg/Cs comparison,E^E^ Penning trap,^^ torsion 
pendulum,E2Hii^ K/He magnetometer,^^^^ — 2 data,lii 21 tl 2 U mononium spec¬ 
troscopy!^^ These constraints lie within the ranges of |b®| < (10“^^ — 10“^^) eV 
and |b^| < (10“^^ — 10“^'^) eV for the electron and muon, respectively. The corre¬ 
sponding contribution to BR{Z —>■ 77 ) are of order of 10“^® and 10“^^ at most. 
On the other hand, one could be tempted to think that a more favorable scenario 
can arise from the top quark contribution, as b* is much less sensitive to low-energy 
experiments. In this case, one has 

/|b*p\ 

BR{Z 77 ) = 1.6 X lO"'^ , (84) 

\ / 

BR{Z ^ gg) = A.l x . (85) 

However, even in this case, expectations are quite poor. The reason is that naturally 
one can expect that |b*| ^ rn^/Mp, with m of order of the Fermi scale, v ~ 246 
GeV, and Mp the Planck mass, so that 

i?i?(Z ^ 77 ) ^ I 0 -" , ( 86 ) 

BR{Z ^ gg) ^ 10-^ . (87) 

These results reinforce the idea that CRT and Lorentz violating effects would be so 
tiny that they could be detectable only by experiments of exceptional sensitivity. 

4. Conclusions 

The decays Z —>■ 77 and Z ^ gg are strictly forbidden in the standard model, 
but they can arise in the presence of constant background fields. In this paper, 
these decays have been studied in the context of the renormalizable version of the 
standard model extension, which is an effective field theory that incorporates CPT- 
odd and Lorentz-violating effects by introducing background constant tensor fields. 
A background field was considered through the bilinear / 75 I!/ interaction. It 
was shown that this interaction generates the Z —^ 77 and Z ^ gg decays at 
the one-loop level, and that the corresponding amplitudes are gauge invariant and 
free of ultraviolet divergences. Since the theory is invariant under observer Lorentz 
transformations, it was possible to analyze the squared of the amplitude of the .^77 
and Zgg interactions in the light of the time-like, space-like or light-like nature of 
the four-vector b. In the reference frame defined by a time-like background field 
b, it was found that the squared of the amplitude is proportional to p' , with p' 
the spatial momentum of the Z gauge boson in this frame. So, in this case, these 
couplings disappear only in the particular kinematic case p' = 0. On the other hand, 
in the frame determined by a space-like vector b, it was shown that these couplings 
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do not vanish for any kinematic configuration. In the case of a light-like background 
field b, it was shown that the squared of the amplitude does not vanish in any 
allowed kinematic configuration. It was found that in the Z rest frame, the decay 
widths of these decays do not depend on the time component of the background 
field ba, but only on its spatial part, being the decay widths proportional to 
From the point of view of observer Lorentz transformations, b transform as a vector 
under the rotations group SO{3), so that if the Z ^ and Z ^ gg decays are 
considered jointly with this vector, invariance under rotations is preserved, and, 
from this perspective, the Landau-Yang’s theorem is not violated indeed. However, 
from the point of view of particle Lorentz transformations, b does not transform, 
so that the existence of these decays can be seen as a violation of the Landau- 
Yang’s theorem. Although nonzero, the branching ratios for these decays would be 
undetectable as it is expected that |b| to be extremely small. 
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Appendix A. Momentum-space integrals 

In this appendix, we present a list of the space-momentum integrals used throughout 
the paper. 
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where /i is the mass scale of dimensional regularization. To reduce tensor integrals 
to the ones of the above type, we used systematically the following relations 


^4 

k^kjykc^k^ ^ _j_ 2^ {.9^i>9ol^ 9fia90i' 9^^9h>(y^ ? 

j^4 

-)> —g^io ■ 


(A.4) 

(A.5) 

(A.6) 
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